This paper presents a new 3-D finite element approach coupled with the rotation and linear motion equations simultaneously. This method is applied to obtain the dynamic characteristics of an opening and closing sensor for windows. The usefulness of this method is verified through the comparison with the measured results.
Introduction
Recently, it becomes more important to predict the dynamic characteristics of the magnetic sensors and actuators under the condition of actual operation in the early stage of design. The finite element method has been successfully applied to the coupled problems with motion analysis, electric circuit analysis, heat transfer analysis, and so on. Authors have been proposing the 3-D dynamic analysis techniques, especially for a moving linear actuator and a rotary machinery (1) - (3) . Several past years, new types of sensors and actuators which have multi-dimensional motion and multi-function, have been proposed (4) (5) . However, it seems that there are few analysis methods for computing the dynamic characteristics when a number of movers are operated simultaneously.
The opening and closing sensors for windows have been widely used because of the needs for security. Most of them consist of reed switches and permanent magnets, especially high sensitive sensors usually consists of plural magnets for rotation and linear motion. Sensing area of the sensor is greatly influenced by the relative position and operating conditions of these magnets. Then, it is very useful to predict the dynamic characteristics of the multi-motion.
In this paper, we propose a new dynamic analysis method for an opening and closing sensor having two permanent magnets for rotation and linear motion. The usefulness of this method is verified through the measured results.
Analysis Method

Magnetic Field Analysis
The fundamental equations of the magnetic field can be written using the magnetic vector potential A as follows. where ν is the reluctivity of magnetic material, ν 0 is the reluctivity of vacuum, and M is the magnetization.
Linear Motion Analysis
It is assumed that the flat magnet attached on the window is operated by linear uniform motion when the window is opened and closed. In our method, the simple computation procedure for the motion analysis is proposed without solving the motion equation to save the CPU time. Instead of re-generation of mesh, the material number is changed according to the movement of the magnet. The procedure of linear motion approximation is shown in Fig. 1 .
( 1 ) Firstly, the whole region of number of element 1,2 and 3 are assigned as magnet m the moving magnet including the air is equally divided, and the aterial in the initial position as shown in Fig. 1(a) . Number of divisions of this region is decided by velocity and length of the linear motion magnet. It is assumed that the magnet is moved from left to right. ( 2 ) Next, the material number of element 4 is changed from the air to magnet. Consequently, the element 
Rotary Motion Analysis
The equation of the rotary motion is given as follows.
where I is the moment of inertia, T s is the friction force, T m is the torque of rotary magnet, and θ is the rotation angle of rotary magnet. In this analysis, the friction force T s is ignored.
The finite element mesh of the rotor should be moved according to the rotation angle. The procedure of re-generation of mesh is shown as follows.
( 1 ) The initial mesh as shown in Fig Figure 3 shows the 3-D finite element mesh of the opening and closing sensors for windows (6) . This model mostly consists of sensing block and driving magnet. The sensing block is composed of the rotary magnet and the reed switch, fixed on the window frame. The linear motion magnet (driving magnet) is usually fixed on the window. The magnetization of the rotary magnet and the linear motion magnet is 0.3 and 0.34 T, respectively. The displacement x of the linear motion magnet is 0.0 mm when the centers of the rotary and the linear motion magnets are overlapped, and the linear motion magnet is moved from −90 to +90 mm. The rotation angle Fig. 3(a) . The distance between the rotary and the linear motion magnets is L. The length of the air gap between two magnetic reeds is 0.05 mm with no load (residual gap: 0.01 mm).
Analyzed Model and Conditions
The operating principle of this sensor is as follows. When the rotary magnet stops at the rotation angle of 20 degree due to the magnetic attractive force between rotary magnet and two reeds with no load, and the switch of this sensor is kept open because of the weak force between two reeds as shown in Fig. 4(a) . When the linear motion magnet approaches the rotary magnet, the rotary magnet rotates from 20 to 55 degree due to repulsive force between both magnets, and the switch of the sensor is closed because of the strong force between two reeds as shown in Fig. 4(b) .
Conversely, when the linear motion magnet departs from the rotary magnet, the rotary magnet rotates from 55 to 20 degree because of the release of repulsive force, and the switch of the sensor is opened. As mentioned above, the operating conditions of open and close are different, moreover, this sensor has an asymmetrical geometry. This is a major reason for the sensor has different sensing areas whether it is used for open or close. Under the circumstances, it is necessary to analyze both characteristics in order to predict the whole sensing area of the sensor.
Results and Discussion
Comparison with Measured Results
Firstly, the sensing characteristics of this sensor are analyzed when the sensor is switched from close to open. Fig. 5 shows the computed dynamic characteristics when the linear motion magnet is moved from center to left (x = −30 mm) in the velocity of 0.01 m/s. The distance between both magnets L is 10 mm, and the length of air gap between two reeds is 0.01 mm (residual gap) because the switch of the sensor is kept close when the linear motion magnet starts to move from the center. From Figs. 5(a) and (b), the torque of the rotary magnet gradually decreases as the linear motion magnet departs from center to left, and the rotary magnet rapidly rotates from rotation angle of 55 to 20 degree at the magnet position x of −17 mm, where the torque is reversely produced. It is found that the attractive force between two reeds drops from about 50 to 10 mN at this position. Fig. 6 shows the distributions of flux density vectors when the linear motion magnet is located at position x of −30 and 0 mm. As can be seen from this figure, the flux density of air gap between two reeds at position x of 0 mm is larger than that of −30 mm. It is found that the attractive force between two Fig. 5(c) . The whole sensing area of this sensor is calculated by varying the distance L from 5 to 80 mm as shown in Fig. 7(a) . This figure shows that the center of the sensing area is greatly shifted toward the right side. The validity of this method is confirmed through the measured results. It is found that there is non-sensing area from position x of 10 to 40 mm at the distance L of 5 mm. This is a reason for the magnetic flux of the air gap between two reeds decreases due to the leakage flux from the linear motion magnet.
Next, the sensing characteristics of this sensor are analyzed when the sensor is switched from open to close. larger than 12 mN. This sensor has the sensing area from the position x of −6 to 0 mm at the distance L of 10 mm as shown in Fig. 8(c) . The whole sensing area of this sensor is calculated by varying the distance L from 5 to 80 mm as shown in Fig. 9(a) . The calculated results is a little different from the measured ones. This is a reason for the attractive force between two reeds is very small with the air gap of 0.05 mm. Then the operation condition is thought to be unstable because the threshold is too low to ignore the influences of friction and geomagnetism. It is found that the sensing area of this sensor is greatly diffent whether it is used for open or close.
Influence of Moving Velocity on Dynamic Characteristics
It is thought that the sensing area is changed by the velocity of linear motion magnet. Table 1 . Discretization data and CPU time rotary magnet can not follow the linear motion magnet. Then the sensing area is broader when the velocity of the linear motion magnet is faster as shown in Fig. 10(c) . The switch of this sensor is almost kept close throughout the position in the velocity of 1.0 m/s. Table 1 shows the discretization data and CPU time of the dynamic analysis.
Conclusions
In this paper, we presented a new 3-D finite element approach coupled with the rotation and linear motion equations simultaneously. This method was applied to compute the dynamic characteristics of an opening and closing sensor for windows to predict its sensing area. The usefulness of this method was confirmed through the comparison with measured results. Moreover, the influence of velocity of linear motion magnet on the sensing area was clarified.
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